T cells play a central role in mediating transplant rejection by orchestrating the inflammatory events that ultimately lead to graft destruction. Immunosuppressants have been the primary treatment for preventing transplant rejection for the past 50 years. The aim of immunosuppressive therapies is to block T cell activation, thereby attenuating these processes. However, long-term use of immunosuppressants carries an increased risk of infection and cancer ([@R1]). As a new immunotherapy, monoclonal antibody (mAb) therapy has been used in transplantation, cancer, and autoimmune diseases ([@R4]). Activation of naive T cells requires costimulatory signals provided by the B7 and tumor necrosis factor (TNF) families, in which the CD40-CD154 pathway is preeminent in the T cell response after alloantigen presentation ([@R7]). Blocking the CD40-CD154 costimulatory pathway for T-cell activation has been shown to be effective in several models of transplantation and autoimmune diseases ([@R11]).

Recent experimental studies ([@R14]) and early clinical trials ([@R20]) have reported that a humanized anti-CD154 antibody can induce long-term allograft survival, but the clinical trial was interrupted by unexpected thromboembolic complications. Thus, inhibition of the counter molecule for CD154, CD40, has become an alternative approach in transplantation. ASKP1240 has been demonstrated to inhibit human CD154-induced proliferation of peripheral blood mononuclear cells, suppress the delayed-type hypersensitivity reaction and tetanus toxoid-specific antibody formation in nonhuman primates, and exhibit potent immunosuppressive effects to prolong renal allograft survival in *Cynomolgus* monkeys ([@R21]).

This study aimed to investigate the serum concentration of ASKP1240 in a pharmacokinetic (PK) study, evaluate the binding ability of ASKP1240 in CD20^+^ B cells in a pharmacodynamics (PD) study, and clarify the PK/PD relationship in normal and renal transplanted monkeys. These results will be helpful to select the optimal dose and timing for ASKP1240 therapy in clinical trials.

RESULTS
=======

Monkey Survival
---------------

The survival time for all of the monkeys is shown in [Table 1](#T1){ref-type="table"}. Monkey 0403019C was excluded from group 4 because of ureteral stenosis with severe hydronephrosis. The survival time was longer than 70 days for all of the nontransplanted monkeys in the low- or high-dose groups. The 70-day survival rates for the transplanted monkeys were 66.7% and 60.0% in the low- and high-dose groups, respectively.

###### 
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PK Study
--------

Before the first dose, ASKP1240 was undetectable in all serum samples, but it was detected in the serum samples collected from day 1 to 70 after administration. The serum ASKP1240 concentrations for all of the groups reached the maximum level immediately after the first dose and remained at this steady state level, that is, 10^4^ to 10^5^ ng/mL (low-dose) and 10^5^ ng/mL (high-dose), during the induction stage ([Fig. 1](#F1){ref-type="fig"}A). During this maintenance period, the serum concentration decreased gradually until the termination of the study in an ASKP1240 dose-dependent manner. The serum concentrations were higher in the high-dose group than in the low-dose group in normal monkeys ([Fig. 1](#F1){ref-type="fig"}B−E). In monkeys treated with the same dose, the serum ASKP1240 concentration was lower in transplanted monkeys than in normal monkeys. High interindividual variation was observed in the transplanted monkey group that received 2 mg/kg ASKP1240. These concentration-time curves indicate that the serum concentration of ASKP1240 was higher in normal monkeys and depended on the dose of ASKP1240.

![PK study. Serum ASKP1240 concentration in normal and renal transplanted monkeys treated with low- and high-dose ASKP1240 (A). Serum ASKP1240 concentrations in the 2.0 mg/kg ASKP1240-treated normal monkey group (B), 5.0 mg/kg ASKP1240-treated normal monkey group (C); 2.0 mg/kg ASKP1240-treated transplanted monkey group (D) and 5.0 mg/kg ASKP1240-treated transplanted monkey group (E).](tp-97-397-g002){#F1}

PD Study
--------

The ASKP1240 occupancy-time results ([Fig. 2](#F2){ref-type="fig"}A) show that occupancy for the ASKP1240 receptor was increased immediately after the first dose, reached an almost saturated state in all of the monkeys from the four groups, and remained stable during the induction phase. During the maintenance treatment, receptor occupancy decreased slowly until the next administration. In normal monkeys, the low- and high-dose groups were significantly different. At the same dose, an earlier decrease in occupancy was found in transplanted monkeys compared with normal monkeys ([Fig. 2](#F2){ref-type="fig"}B--E). Especially on day 70, the transplanted monkeys had a significantly lower occupancy rate than the normal animals (5.53%±14.13% vs. 72.80%±3.44%) when receiving 5 mg/kg ASKP1240. [Figure 2](#F2){ref-type="fig"}F shows the representative FACS data from the four different groups. These PD profiles indicate that ASKP1240 receptor saturation was higher for normal monkeys than for transplanted monkeys during the maintenance treatment in a dose-dependent manner.

![PD study. Rate of ASKP1240 receptor occupancy in the low- and high-dose ASKP1240-treated normal and transplanted monkeys (A). Rate of ASKP1240 receptor occupancy in the 2.0 mg/kg ASKP1240-treated normal monkey group (B), 5.0 mg/kg ASKP1240-treated normal monkey group (C), 2.0 mg/kg ASKP1240-treated transplanted monkey group (D), and 5.0 mg/kg ASKP1240-treated transplanted monkey group (E). The representative MFI data show the ASKP1240 occupancy in the four different groups; the green line represents the controls (F).](tp-97-397-g003){#F2}

PK/PD Relationship
------------------

The PK/PD relationship was investigated with regard to the serum concentration and receptor occupancy for ASKP1240. The profiles for PK and PD revealed a very close PK/PD relationship at 2.0 mg/kg ASKP1240 ([Fig. 3](#F3){ref-type="fig"}A) and 5.0 mg/kg ASKP1240 ([Fig. 3](#F3){ref-type="fig"}B) in the normal and transplanted monkeys.

![PK/PD relationship. PK/PD relationship in the low-dose (2.0 mg/kg) ASKP1240-treated normal and transplanted monkey groups (A). PK-PD relationship in the high-dose (5.0 mg/kg) ASKP1240-treated normal and transplanted monkey groups (B).](tp-97-397-g004){#F3}

Anti-ASKP1240 Antibody
----------------------

In the ELISA assay, anti-ASKP1240 antibodies were not detected in any sample from the four groups of experimental monkeys, except one monkey (Monkey ID 0403019C) in group 3 that had a reactive screening assay (before dosing on day 42); however, the serum of this monkey was found to be negative in the immunodepletion assay.

Change in Peripheral CD20^+^ Cell Counts
----------------------------------------

There was no change in CD20^+^ cell levels in treated normal monkeys. In transplanted monkeys that received low- or high-dose ASKP1240, the CD20^+^ cell counts remained stable until 6 weeks post-transplantation, they were found to be slightly elevated.

Renal Graft Function
--------------------

The results for sCr showed that all of the normal monkeys in groups 1 and 2 had normal renal function until the end of the study. Stable renal function was also found in renal transplanted monkeys in groups 3 and 4.

Histopathology
--------------

A systematic histologic examination of the main organs was performed as part of the routine autopsy for all of the monkeys from the four experimental groups. The left kidneys, which were the intact original kidneys in groups 1 and 2, showed no significant histopathologic changes, whereas all the recipient renal grafts from groups 3 (ASKP1240 2.0 mg/kg) and 4 (ASKP1240, 5.0 mg/kg) were observed to have different degrees of lesions ([Table 1](#T1){ref-type="table"}). Types II and III acute rejection (34%) and Grade I chronic nephropathy (17%) were found in group 3 (ASKP1240, 2.0 mg/kg). The acute or chronic renal lesions observed in the other three monkeys in group 3 (50%) were classified as mild/moderate changes. In group 4 (ASKP1240 5.0 mg/kg), acute rejection was not found in any of the monkeys. Three renal grafts developed chronic nephropathy (60%), and two grafts (40%) showed mild/moderate/borderline changes. No obvious pathologic changes were observed in other organs, including the liver, pancreas, spleen, heart, lungs, stomach, small bowel, thoracic aorta, mesentery lymph nodes, and pancreas.

Specific immunohistochemical staining for ASKP1240 was observed in the following tissues/organs. In the kidney transplant group, staining specific for ASKP1240 was observed in the kidney interstitial cells ([Fig. 4](#F4){ref-type="fig"}B), which were identified as capillary endothelial cells, macrophages, and B lymphocytes based on double staining of anti-cell marker antibodies and ASKP1240. In the normal and transplanted groups, staining specific for ASKP1240 was observed in lymphocytes in the follicles of the lymphoid organs (spleen and mesenteric lymph node), lymphocytes in the lymphoid tissue, lymphoid follicles or Peyer's patches (kidney, stomach, jejunum, and colon), mononuclear cells (paracortex in the mesenteric lymph nodes, lung interstitium, and lamina propria in the stomach, jejunum, and colon), hepatocytes (liver), and acinar cells (pancreas). In the control group, contrary to the kidney transplant group, no specific staining to ASKP1240 was detected in the interstitial cells ([Fig. 4](#F4){ref-type="fig"}A), but staining was observed in endothelial cells from single arteries in the stomach and colon of one animal, showing a focal inflammatory cell infiltration in the adventitia. No positive staining was observed in vascular endothelial cells, except capillary endothelial cells in the transplanted kidney and endothelial cells from arteries in the stomach and colon with adventitial inflammation in a control monkey.

![ASKP1240 immunohistochemical staining in normal and transplanted kidneys. Specific staining of ASKP1240 was observed in the transplanted kidney allograft (A) but not in the normal kidney (B), which suggests that CD40 expression was induced in the transplanted kidney, thereby affecting the CD40 occupancy rate and ASKP1240 serum concentration during ASKP1240 treatment.](tp-97-397-g005){#F4}

DISCUSSION
==========

Our 70-day results for the PK study reveal that the serum ASKP1240 concentration was measurable in all of the serum samples, except those obtained before the first dose. In the full-dose maintenance phase in the normal and transplanted monkeys, the serum ASKP1240 concentration reached its maximum level immediately after each dose of ASKP1240 (low- or high-dose). Then, the trough level gradually decreased until the next infusion. The serum ASKP1240 concentration was considered to follow a dose-dependent pattern, although a large interindividual variation was observed in renal transplanted monkeys that received 2 mg/kg of ASKP1240.

Similarly, the PD results show that low- or high-dose of ASKP1240 was sufficient to mask almost all of the CD40 sites on the CD20^+^ B cells in the peripheral blood during the induction phase, and the binding capacity of ASKP1240 to CD40 was almost equal for all of the monkeys. The CD40 occupancy increased to its maximum level after each ASKP1240 infusion and decreased gradually until the next dose. These regular, indented curves were dose dependent.

During the half-dose maintenance phase, the PD study showed that the occupancy decreased at varying rates but was not significantly different between the normal and transplanted monkeys. In the high-dose (5.0 mg/kg) groups, the 56-day occupancy rate (%) after administration was 87.11%±2.28% for the normal monkeys and 89.65%±1.01% for the transplanted monkeys. However, under the same conditions, the PK results showed serum ASKP1240 concentration of 91,500±25,343 ng/mL for the normal monkeys and 62,500±13,238 ng/mL for the transplanted monkeys. When the study reached destination day 70, the transplanted monkeys had a significantly lower PD occupancy and PK serum concentration than the normal animals (5.53%±14.13% vs. 72.80%±3.44%; 2830±1866 ng/mL vs. 10.5 ng/mL).

Our results suggest that the occupancy and concentration were different for the normal and transplanted monkeys and also different relative to the full-dose treatment. These possibilities may be explained as follows. These results suggest that the differences in occupancy and serum concentration between the transplanted and normal monkeys may be related to the following factors. (i) Production of a specific anti-drug antibody: antidrug antibody production is a common reason for a reduced antibody level. However, in the present study, no anti-ASKP1240 antibodies were detected in any of the samples during the 70-day observation period. (ii) Overexpression of CD40: as previously demonstrated, the CD40 antigen is expressed by B cells, dendritic cells (DCs), T cells, macrophages, vascular endothelia, and smooth muscle cells in patients with calcified atherosclerotic lesions ([@R24]).

Our pathologic results (data not shown) show that ASKP1240 antibody binding occurs not only in interstitial cells but also in capillary endothelial cells, macrophages, lymphocyte follicles in lymphoid organs (spleen and mesenteric lymph nodes), lymphocytes in lymphoid tissue, lymphoid follicles or Peyer's patches (kidney, stomach, jejunum, and colon), mononuclear cells (paracortex in mesenteric lymph nodes, lung interstitium, lamina propria in the stomach, jejunum, and colon), hepatocytes (liver), and acinar cells (pancreas). In contrast, when the transplanted monkeys received allograft kidneys, the recipient's immune system was rapidly activated, possibly resulting in an increase in CD40 antigen levels in B cells, DCs, T cells, or macrophages. Thus, in this study, as a result of the immune response against allo-antigens, the number of activated cells and unoccupied CD40 sites increased may require higher dose or more frequent administration of ASKP1240.

Recent studies have shown that a high-dose (5 or 10 mg/kg) of ASKP1240 significantly prolongs the graft survival time of pancreatic islet transplants in *Cynomolgus* monkeys ([@R17]). These results suggest that transplanted monkeys may require a higher dose or more frequent administration of ASKP1240 to maintain effective inhibition of the CD40-CD40L activation pathway.

In the normal and transplanted monkeys, the PK and PD were closely correlated (R2) for the low-dose (0.8743, 0.7515) and high-dose (0.7600, 0.8601) treatments. The concentration-receptor occupancy profile displayed a strong positive correlation between serum concentration and ASKP1240 occupancy.

Thus, the serum concentration (PK) and receptor occupancy (PD) of ASKP1240 had a very close relationship in this study, and high ASKP1240 binding depended on a high serum ASKP1240 concentration in normal and transplanted monkeys.

In conclusion, the serum ASKP1240 concentration (PK) was closely correlated with receptor occupancy (PD) and did not seem to be different between normal and transplanted monkeys. A higher dose of ASKP1240 led to a longer duration of full receptor occupancy in the normal and transplanted monkeys. To prolong the receptor occupancy in transplanted animals, increased dose or frequency of ASKP1240 administration may be necessary.

MATERIALS AND METHODS
=====================

All of the experimental procedures were approved by the Ethical Committee for Animal Experimentation at the Laboratory Animals Center of the Academy of Military Medical Sciences (AMMS) and were performed in accordance with the standards described in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health Office of Animal Care and Use.

Animals
-------

Male *Cynomolgus* monkeys (*Macaca fascicularis*), 3 to 5 years old, weighing 3.5 to 7.2 kg, that were free from hepatitis B virus (HBV), hepatitis C virus (HCV), herpesvirus simiae (B virus), and simian immunodeficiency virus (SIV), were provided by the Laboratory Animals Center of the Academy of Military Medical Sciences in Beijing, China. All the *Cynomolgus* monkeys were screened for general health and quarantined for 2 weeks before the study. All of the monkeys were housed in individual cages and given free access to water, fruit, and monkey chow.

Reagents and Monoclonal Antibodies
----------------------------------

A biotinylated ASKP1240 antibody and anti-ASKP1240 serum were kindly supplied by Kyowa Hakko Kirin Co., Ltd. The pooled normal *Cynomolgus* monkey sera were kindly supplied by Shin Nippon Biomedical Laboratories, Ltd. Allophycocyanin (APC)--labeled antihuman CD20 mAb (2H7) and phycoerythrin (PE)--labeled streptavidin were purchased from BD Biosciences-Pharmingen, Canada.

ASKP1240 Formulation
--------------------

A concentrated solution of ASKP1240 was kindly supplied by Kyowa Hakko Kirin Co., Ltd.

Selection of Donor-Recipient Pairs
----------------------------------

ABO blood typing and a one-way mixed lymphocyte reaction (MLR) were used to select the donor-recipient pairs. Renal allograft transplantation was performed in selected donor-recipient pairs that were ABO-compatible and MLR-incompatible (the stimulation index was ≥2.5).

Study Design and ASKP1240 Treatment Regimen
-------------------------------------------

Two doses of ASKP1240, 2 and 5 mg/kg, were evaluated in normal and kidney transplanted monkeys. The study was performed in four groups. Six normal *Cynomolgus* monkeys were randomly assigned to two groups, that is, low-dose (group 1) and high-dose (group 2), with three monkeys in each group. Six pairs of donor-recipient monkeys were randomly divided into two other groups, that is, low-dose (group 3) and high-dose (group 4), with six monkeys in each group.

The 70-day treatment regimen consisted of two phases: induction and maintenance treatment. The induction treatment was initiated by intravenous administration of a full dose of ASKP1240 (2.0 or 5.0 mg/kg) twice daily on day 0 (before and after transplantation surgery) and once daily on days 3, 7, 11, and 14. The maintenance treatment started on day 28, with administration of half of the initial dose (1.0 or 2.5 mg/kg) biweekly on days 28, 42, and 56. All the animals were monitored through 70 days postadministration.

Pharmacokinetic, PD, and MAHA (monkey anti-human ASKP1240 antibody assay) samples were taken on days 1, 1, 3, 7, 14, 21, 28, 31, 35, 39, 42 45, 49, 53, 56, 59, 63, 67, and 70. On days 3, 7, 14, 28, 42, and 56, sera were harvested 1 hr before and after administration.

Surgical Procedures for Renal Transplantation
---------------------------------------------

Each animal in this study acted as both a donor and recipient. The method for renal transplantation was the same as in our previous publications ([@R27]). Rejection was diagnosed by enlargement of the kidney graft and an increase in serum creatinine (sCr) level of 10 mg/dL or greater. Rejection was also confirmed using histopathology.

Assessments
-----------

### Clinical Biochemistry Measurements

Serum creatinine (sCr) was measured during the study period. To monitor kidney function, the sCr concentration was determined on day 2 (before transplant) and days 1, 3, and 5, then twice a week over the 70-day observation period. The examinations were minimized to once a week when the sCr concentration remained stable for 2 months. If the sCr concentration was higher than 5.0 mg/dL, sCr was measured once daily.

### PK Study

For the PK study, 0.5 mL of serum was taken according to the PK sampling schedule and stored at --80°C until analysis. The PK study was performed at Shin Nippon Biomedical Laboratories, Ltd. (Japan) using an ELISA assay. The serum ASKP1240 concentration was calculated using standard software for the ELISA (Soft max PRO).

### PD Study

For the PD study, 0.5 mL of EDTA-2K anticoagulated blood was drawn from each monkey, according to the PD sampling schedule. The occupancy of the ASKP1240 receptor was evaluated in CD20-positive cells using a FACS assay. Briefly, 100 μL of blood was stained with biotinylated ASKP1240 and streptavidin-PE for the experimental samples, and another 100 μL of blood was stained with streptavidin-PE only for the control samples. Both sample sets were stained with APC-antihuman CD20 antibody as the B lymphocyte marker. The mean fluorescence intensity (MFI) for PE-ASKP1240 in the CD20-positive B lymphocytes was detected by FACS using a FACSCalibur instrument (BD). The data were analyzed using CellQuest software (BD). The percentage of APC-CD20--positive B cells was also determined in this study. The occupancy for ASKP1240 (%) was calculated using the following formula: occupancy (%)=(1 - MFI/control) × 100.

### Monkey Antihuman ASKP1240 Antibody (MAHA) Assay

Monkey antihuman ASKP1240 antibodies were detected using an ELISA screening assay and further confirmed using immunodepletion assays from Shin Nippon Biomedical Laboratories, Ltd. (Japan).

### Proportion of Peripheral CD20^+^ Cells

The percentage of APC-CD20^-^positive B cells was determined using a FACS assay.

### Histopathology

For routine hematoxylin and eosin (HE), PAS, and Masson's trichrome staining, all of the animals were killed at the end of the study (day 70) or because of their moribund condition. The animals were then subjected to a full gross necropsy that included an examination of the external surface of the body, all orifices, and the thoracic and abdominal cavities and their contents. To confirm the low risk of thrombotic embolism, the lungs and brain were also checked by gross necropsy. Routine hematoxylin and eosin staining was performed on all of the paraffin-embedded sample sections, including the grafted kidney, liver, pancreas, spleen, heart, lung, stomach, small bowel (a segment of the jejunum), thoracic aorta, and mesenteric lymph nodes. PAS and Masson's trichrome staining of the kidney tissue were performed on the paraffin-embedded sample sections. Rejection in the renal allografts was scored and diagnosed according to the 97 Banff classification ([@R30]).

### Immunohistochemical Staining

To examine the expression of CD40 antigens in various tissues/organs, including vascular endothelial cells in the kidney transplant animal model, a binding study for ASKP1240 was conducted immunohistochemically in 22 frozen tissues/organs from *Cynomolgus* monkeys with (n=4) and without kidney transplantation (n=3) that were killed at the end of the study on day 5. ASKP1240 or a commercially available human IgG4 antibody at 1 and 5 μg/mL was applied to the sections as the primary antibody. Then, biotinylated antihuman IgG4 was applied to the sections as a secondary antibody. Finally, the antibody complexes were visualized using ABC (avidin-biotin complex) and diaminobenzidine (DAB).
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